To improve the self-field critical current density ͑J c ͒ and critical temperature ͑T c ͒ in SiC-doped MgB 2 , optimization of the nominal Mg/B mixing ratio has been performed. The effects of the nominal Mg/B mixing ratio ͑x :2͒ on the superconductivity, Raman spectra, current transport properties, and flux pinning mechanisms in MgB 2 with 10 wt.% SiC doping were investigated systematically, with x varied from 1 to 1.2. It has been found that the sample with the Mg/B ratio of 1.15:2 exhibited the best J c performance for all fields ͑0-8.5 T͒, and its T c was also enhanced. The optimized Mg/B ratio diminished the interband scattering caused by Mg or B vacancies, and in turn, increased T c . The connectivity and disorder were increased in the Mg 1.15 B 2 sample. Both of these were responsible for the improved J c under all the fields examined.
I. INTRODUCTION
Since the 40 K superconductor MgB 2 was discovered in 2001, 1 the doping of nano-SiC particles into this superconductor has represented a great breakthrough in terms of improvement of the critical current density ͑J c ͒, the irreversibility field ͑H irr ͒, and the upper critical magnetic field ͑H c2 ͒. [2] [3] [4] Worldwide, a number of groups have investigated and confirmed these results and reported an even further enhanced influence of SiC doping on MgB 2 properties. A record H irr of 29 T and H c2 of 43 T at 4.2 K have been achieved with nano-SiC doped MgB 2 . 4-6 J c of 4.1ϫ 10 4 A / cm 2 at 4.2 K and 10 T has been achieved with nano-SiC doped MgB 2 wires. 7 However, there have been some drawbacks with this dopant, such as the reduction in the critical temperature ͑T c ͒ and the low-field J c .
Optimization of the stoichiometry of Mg and B in undoped MgB 2 has been performed by many groups. [8] [9] [10] [11] [12] [13] Both T c and J c showed great dependence on the Mg/B ratio. Susner et al. 8 have concluded that the Mg/B ratio significantly affects the microstructure, H irr , and J c . They also investigated the influence of SiC addition on the higher excess Mg compositions ͑around 15%͒. It has been found that 5 mol% SiC doping yielded a transport J c at 4.2 K and 8 T of 5 ϫ 10 4 A / cm 2 , with an H irr of 21 T ͑100 A / cm 2 criterion͒. Recent results showed that a 10 wt.% Mg excess in the Mg-B system can improve the J c values over the entire range ͑0-8.5 T͒ of measurement fields. 14 This has stimulated the idea that SiC doping in MgB 2 with Mg excess may be effective in improving the microstructure and J c performance of MgB 2 in both low and high fields. Therefore, systematic studies on the effects of the nominal mixing ratio of Mg to B in SiC-doped MgB 2 are necessary and immediately important.
In this work, the effects of the nominal Mg/B ratio ͑x :2͒, varying from 1:2 to 1.2:2, in 10 wt.% SiC-doped MgB 2 samples on the superconductivity, Raman spectra, current transport properties, and flux pinning mechanisms of MgB 2 have been investigated systematically. The results show that samples with 15 wt.% Mg excess in 10 wt.% SiC-doped MgB 2 exhibit the best performance. J c has been improved at all the fields. The reason can be attributed to the improved connectivity and the increased disorder. Compared with other SiC-doped MgB 2 samples, T c in the sample with 15 wt.% Mg excess has also been enhanced due to the increased electron-phonon ͑e-ph͒ coupling caused by the lower interband scattering.
II. EXPERIMENTAL DETAILS
It has been found that 10 wt.% SiC doping results in the best J c performance. 2, 15 Therefore, the doping concentration of SiC in this study was fixed at 10 wt.%. The nominal mixing ratio of Mg to B ͑x :2͒ varied from 1:2 to 1.2:2. Four Mg x B 2 samples with x = 1, 1.1, 1.15, and 1.2, mixed with 10 wt.% SiC, were prepared by solid state reaction. They are denoted as samples A, B, C, and D in the following context, respectively. A pure MgB 2 sample, made without dopant and by applying the same process, was also fabricated for comparison. It is defined as the reference sample. Mg powder ͑1-11 m͒, amorphous boron powder ͑99%͒, and nanosized crystalline SiC powder ͑30 nm͒ were used as the starting materials. The powders were carefully mixed by grinding in a mortar and pressed into pellets 13 mm in diameter and about 2.5 mm thick. The pellets were sealed into Fe tubes. The sealed tubes were then heated in a tube furnace under pure Ar gas and sintered at 800°C for 60 h prior to cooling to room temperature.
The obtained MgB 2 samples were examined by x-ray diffraction ͑XRD͒ in a Philips PW1730 Model diffractometer using Cu K␣ radiation ͑ = 1.541838 Å͒. The XRD patterns were collected over a 2 range from 20°to 80°with a step size of 0.02°. Magnetic measurements of the samples were conducted in a commercial Quantum Design Physical Properties Measurement System ͑PPMS͒ after they had been polished into a cuboid shape for measurements. Magnetic hysteresis loops were measured at temperatures of 5 and 20 K. The critical current density was calculated from the magne-tization hysteresis loops, based on the dimensions of the samples. The resistivity was recorded as a function of temperature and magnetic field, using a four probe resistance technique. The Raman scattering was measured at ambient temperature by a confocal laser Raman spectrometer ͑Ren-ishaw inVia plus͒ with a 100ϫ microscope. A 514.5 nm wavelength Ar+ laser was used for excitation, with the laser power maintained at about 20 mW. Several spots were selected on the same sample to collect the Raman signals in order to make sure that the results were credible. Figure 1 shows the powder XRD patterns of the samples. All the major peaks of the MgB 2 hexagonal structure can be identified, indicating that the samples mainly consist of the desired MgB 2 phase. Besides MgB 2 , the impurity MgO exists in all the samples. It is interesting to note that Mg 2 Si, which was often observed in previous SiC-doped samples, [2] [3] [4] could not be detected in our SiC-doped samples ͑samples A, B, C, and D͒, while crystalline SiC clearly appears in the XRD patterns. The difference between the current samples and the previous samples is the form of the SiC powders. Amorphous SiC was used in the previous samples, whereas crystalline SiC was adopted in this study. The XRD pattern in Fig. 1 indicates that the crystalline SiC powder is not as active as the amorphous powder, in terms of reaction with MgB 2 . Therefore, only a small amount of Mg 2 Si, which may be below the detectable amount from XRD, was formed, resulting in a large amount of remnant crystalline SiC in the samples.
III. RESULTS AND DISCUSSION
Rietveld refinement was performed to analyze the XRD measurements. The refinable parameters included the lattice parameters of MgB 2 and the microstrain. The refined results are listed in Table I . The lattice parameters a and c decrease as x increases from 1 to 1.1, and then increase with x thereafter. The reference sample exhibits the highest value of a, while its c value is lower than for samples C and D. The values of the lattice parameters for ideal MgB 2 are a = 3.083 Å and c = 3.521 Å. It can be seen that lattice parameters a and c in the reference sample are greater than the ideal values. This indicates that a large amount of vacancies exist in the sample. The starting boron and magnesium powders in the reference sample were stoichiometrically mixed. The formation of MgO by the reaction of boron powder and oxygen trapped in the sealed tube and in the starting boron powders results in insufficient magnesium to react with boron. Mg may coat on the inner surface of the iron tube due to vaporization. This is another source of Mg loss. Since the tube is sealed, when the vapor pressure of Mg reaches a saturation value the Mg vaporization stops. Therefore, the Mg lose due to vaporization is limited. Deficiency of magnesium can be responsible for vacancies. The existence of the vacancies relaxes the lattice around them and increases both the a and c lattice parameters. As a result of SiC doping in sample A, lattice parameter a becomes smaller than for the reference sample, while lattice parameter c remains unchanged. Lattice parameter a in sample A is also smaller than the ideal value ͑a = 0.083 Å͒. This indicates that C atoms have replaced part of the boron atoms. The C-B bond length is about 1.71 Å, which is less than the C-C bond length ͑1.78 Å͒. 16 Since the C-B bonds are located in the B plane, the in-plane lattice parameter a is decreased, whereas the distance between the B plane and the Mg plane, namely, lattice parameter c, would not be significantly affected. This phenomenon is often observed in MgB 2 samples with carbon doping. 17, 18 As the mixing ratio of Mg to B ͑x :2͒ increases to 1.1:1, the deficiency of magnesium is reduced. This decreases the lattice relaxation caused by the magnesium deficiency and further reduces lattice parameter a in Mg 1.1 B 2 . However, when x is over 1.15, the magnesium deficiency is completely healed, and boron deficiency will be introduced. The boron deficiency also relaxes the lattice and increases a. It has been observed that a is enlarged when x increases to FIG. 1. ͑Color online͒ X-ray diffraction patterns for samples. Table I . It can be seen that the reference sample has a larger unit-cell volume than the doped samples, except for sample D. Among the doped samples, sample B has the smallest volume. The microstrains along the two lattice axes ͑a and c͒ are shown in Table I . The microstrains in the samples exhibit anisotropic behavior, namely, the microstrain along the c axis is larger than that along the a axis. The anisotropic microstrain is caused by the anisotropic elastic modulus along the different axes. The smaller elastic modulus along the c axis results in a larger strain. 19 The average values are obtained by arithmetically averaging the values along the two lattice axes. As expected, the doped samples have larger microstrain than the reference sample due to C substitution. When x increases, the average microstrain increases from sample A to sample B, and then decreases. This indicates that the nominal Mg/B ratio significantly affects the microstrain.
The magnetic susceptibility as a function of temperature was measured in an applied field of H = 1 Oe for zero field cooled samples. T c is defined as the temperature corresponding to the onset of diamagnetism. The T c values are displayed in Table II . It can be seen that the reference sample has the largest T c . As x increases in the doped samples, T c increases from sample A to sample C, and then decreases in sample D. Sample C with x = 1.15 exhibits the largest T c among the doped samples.
In order to analyze the origin of the variation in T c , Raman measurements were undertaken. Figure 2 contains the normalized ambient Raman spectra of all the samples. Gaussian fittings with three peaks are also shown in Fig. 2 [20] [21] [22] indicated that the high T c of MgB 2 is due to the electron-phonon ͑e-ph͒ coupling between the in-plane boron phonons ͑E 2g mode͒ and the band. The Raman spectra of MgB 2 around 600 cm −1 , namely, the 2 peak in Fig. 2 , have been attributed to the E 2g mode. 23 The 2 peak frequencies are extracted and plotted against x in Fig. 3 . It is clear that the reference sample has a lower 2 peak frequency than the doped samples. This can be attributed to the carbon substitution caused by the SiC doping. It is well known that the charge carriers in MgB 2 are holes. The carbon substitution introduces more electrons and therefore reduces the number of holes. This hole-filling effect weakens the e-ph coupling. Theoretical analysis has concluded that the E 2g peak frequency increases as the e-ph coupling becomes weaker. 24 Therefore, the doped samples in this study exhibit higher 2 peak frequencies than the reference sample. The same observations have been reported for C-doped and Al-doped MgB 2 . 16, 25, 26 It can be seen from concentration ͑10 wt.%͒ of SiC, the hole-filling effects should be similar. An additional effect causing the variation of the 2 peak frequency may be the interband scattering. 27 There are two major factors affecting the interband scattering: lattice parameters and defects. The band is located in the boron plane, while the band is also centered in the boron plane and extends out towards the Mg plane. Therefore, lattice parameter a in the boron plane influences the interband scattering. A decreased lattice parameter a will increase the interband scattering. This will harden the E 2g phonon and weaken the e-ph coupling. From Table I we can see that lattice parameter a first decreases with x and then increases. This will cause the 2 frequency to increase first and then decrease. However, this trend is opposite to the observed 2 peak frequencies in Fig. 3 . This implies that there is another factor playing a more important role in the interband scattering than lattice parameter a. The major defects in the studied samples are the vacancies caused by Mg deficiency and B deficiency. An increase in the amount of vacancies will reduce the interband scattering and harden the E 2g phonon. It is well known that the vacancy defects decrease with x for low mixing ratios due to healing of the Mg deficiency and increase with x for high mixing ratios owing to formation of a B deficiency. Therefore, as x increases, the effect of the vacancy defects depresses the 2 frequency to the minimum and then increases it. Figure 3 shows that the measured 2 frequency follows the same trend as the effect of the vacancy defects. This indicates that the vacancy defects caused by Mg deficiency and B deficiency provide a greater contribution to the interband scattering than lattice parameter a. 
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where, ͗͘ is the averaged phonon frequency, is the e-ph coupling constant, and ‫ء‬ is the Coulomb pseudopotential. It can be seen from Eq. ͑1͒ that T c increases with both ͗͘ and for the commonly used ‫ء‬ of about 0.13 in MgB 2 . 30 In addition, it is well known that ͗͘ decreases as increases. 31 Thereby, if the e-ph coupling is strengthened, namely, is increased, ͗͘ will be correspondingly reduced. The increased and the decreased ͗͘ have opposite effects on T c . The former enhances T c , while the latter depresses T c . Therefore, T c will increase to the maximum and then decreases as the e-ph coupling ͑͒ increases. However, the value ͑about 2͒ corresponding to the maximum T c is higher than the common range of ͑0.7-1.0͒ in MgB 2 . [19] [20] [21] This leads to a monotonic increase of T c with in the MgB 2 system. The e-ph coupling in the SiC-doped samples is weaker than in the reference sample due to the carbon substitution. Therefore, the reference sample has the highest T c . In the doped samples, the vacancy defects significantly affect the e-ph coupling strength. Sample C with fewer vacancies yields a higher e-ph coupling constant, resulting in enhancement of T c .
The resistivities at 40K ͑ 40 K ͒ and at 300K ͑ 300 K ͒ are listed in Table II . It can be seen that 40 K and 300 K in the reference sample are smaller than in the SiC-doped samples, while sample A with x = 1 exhibits the highest 40 Figure 4 shows field emission gun scanning electron microscope ͑FEG-SEM͒ images. It can be seen that sample C is denser than the other samples. This confirms that sample C has the best connectivity. The densities in the reference sample and in samples A to D are 1.365, 1.313, 1.374, 1.393, and 1.246 g / cm −2 , respectively. Higher density means better connectivity. The density measurements also support the above estimation of the connectivity. MgB 2 is formed by diffusion of Mg atoms into the boron lattices. Since the impurities profoundly influence the Mg diffusion, the crystallization and connectivity are strongly related to the amount of impurities. The SiC doping in sample A introduced a large amount of impurities, such as remnant SiC, as shown in Fig. 1 , and the consequent formation of Mg 2 Si. Therefore, compared to the reference sample, the connectivity in sample A is reduced. Both the reference sample and sample A use the stoichiometric Mg/B ratio ͑1:2͒. This inevitably introduces remnant B due to the formation of MgO. The leftover B constitutes an impurity in MgB 2 and will degrade the connectivity. As the nominal Mg/B ratio in- creases, remnant B is reduced, leading to improved connectivity in samples B and C. When the nominal Mg/B ratio is further increased, the sample ceases to be B rich and becomes Mg rich, as appears in Mg 1.2 B 2 . The remnant Mg impurity in this sample decreases the connectivity, as indicated by A F in Table II . Figure 5 demonstrates the temperature dependence of the resistive upper critical magnetic field, H c2 , which is defined by 90% of the normal state resistivity. It can be seen that H c2 has a concave temperature-dependence curve, which is typical for multiband superconductors. 36, 37 As the temperature increases, H c2 decreases. The reference sample has the lowest H c2 . When SiC is doped into MgB 2 , H c2 is significantly increased. The nominal Mg/B ratio ͑x :2͒ also influences H c2 . H c2 rises from sample A to sample B. Samples B, C, and D have similar H c2 values, and H c2 slightly decreases with x. H c2 differences in the samples can be attributed to the variation in the coherence length ͑͒ that is caused by the disorder. Figure 6 shows H c2 at T / T c = 0.7 against microstrain. The solid line is the trend line. It is clear that H c2 increases with microstrain. A low microstrain indicates less disorder inside the MgB 2 grains and thus a larger mean free path ͑l͒ of the superconducting electrons. This will increase the coherence length ͑͒ due to the relation: −1 = 0 −1 +l −1 , where 0 is the value of for the pure superconductor. According to H c2 = ⌽ 0 / ͑2 0 2 ͒, where ⌽ 0 is the superconducting flux quantum and 0 is the magnetic permeability, H c2 decreases with increasing . Therefore, a larger H c2 is caused by increased disorder. Figure 6 also plots H c2 as a function of the intensity ratio of the 3 peak to the 2 peak ͑I 3 / I 2 ͒, which is extracted from Fig. 2 Table II . Compared to the reference sample, sample A ͑x =1͒ shows an increase in J c by a factor of 2.5 for high field ͑5 T͒, while the self-field J c of A is lower than for the reference sample. In Mg-rich samples ͑x Ն 1.1͒ J c can be simultaneously increased for both low fields and high fields. The optimum Mg/B ratio is 1.15:2 in sample C. J c of sample C at 20 K and 5 T is higher than for sample A by a factor of 2.3, while its self-field J c is higher than for the reference sample by a factor of 1.4. These results clearly show that optimization of the nominal Mg/B mixing ratio can significantly increase J c for all fields.
It is well known that grain boundary pinning is the major pinning mechanism at high fields in MgB 2 . The J c caused by the surface pinning can be calculated by 39 where S v is the grain boundary surface area per unit volume, the Ginzburg-Landau parameter, and H the applied field. In addition, J c is also proportional to the connectivity. 40 To describe the total influence of H c2 , , and A F on J c at high fields, we define a combined parameter ␣ 1 = A F ͑H c2 −H͒ 2 2 H c2 1/2 for H = 5 T. Since it is difficult to determine due to the twoband contribution, we calculated an effective instead of the real by solving the equation: ln͑͒+0.5
. 40 H c2 was obtained by extrapolating the curves in Fig. 5 to T c = 20 K, and H c1 was measured as the field at which the magnetic hysteresis curve starts to deviate from linearity. The calculated ef- fective values are shown in Table II . follows the same trend as the microstrain. This implies that is also affected by disorder. J c at 20 K and 5 T versus ␣ 1 is shown in the bottom panel of Fig. 8 . A linear relationship can be observed. J c ͑20 K, 5 T͒ increases with ␣ 1 . At self-field, the interfluxline spacing ͑d͒ tends to infinity. According to the DewHughes model, 39 all defects act as point pinning centers at zero field, and the self-field J c linearly increases with H c2 and decreases with 2 . The self-field J c is also proportional to the connectivity. 40 We define another combined parameter:
2 , to represent the total influence of H c2 , , and A F on the self-field J c . The self-field J c , J c0 , at 20 K is shown against ␣ 2 in the top panel of Fig. 8 . J c0 linearly increases with ␣ 2 . From the above analysis we can see that J c is mainly affected by disorder and connectivity. The former influences J c via H c2 and . As disorder increases, both H c2 and increase. However, the increased H c2 and the increased change J c in opposite directions. J c increases with H c2 and decreases with . Since the magnitude of variation of H c2 in the studied samples is larger than that of , H c2 plays a more important role in J c than . The above analysis also shows that H c2 affects the high-field J c and the self-field J c by different factors. The high-field J c is proportional to H c2 by J c ϰ H c2 3/2 , while the self-field J c is proportional by J c ϰ H c2 . It is clear that H c2 has more impact on the high-field J c than on the self-field J c . Although sample A has lower connectivity than the reference sample, its higher H c2 can increase the high-field J c over the value for the reference sample. Due to the lesser influence of H c2 on the self-field J c , H c2 in sample A is not high enough to induce its self-field J c to exceed J c0 in the reference sample. This is the reason why a crossover has been observed between the J c curves of the reference sample and sample A. As the Mg excess is increased, the connectivity is improved until x = 1.15, while H c2 increases and reaches its maximum at x = 1.1. The increased connectivity and H c2 will enhance J c for all fields. Sample C has the best connectivity, and its H c2 is just slightly lower than the maximum value in sample B. Therefore, sample C exhibits the best performance of J c for both low fields and high fields. It is more interesting to note that sample C also hosts an enhanced T c . The combination of these excellent superconducting properties in sample C should clearly be attributed to optimization of the nominal Mg/B ratio. The optimized Mg/B ratio of 1.15:2 significantly reduces the vacancies caused by Mg deficiency and B deficiency, and correspondingly reduces the remnant B or remnant Mg. This leads to lower interband scattering and higher connectivity. Therefore, T c and J c for all the fields can be simultaneously improved. In addition, the doped SiC still remains in the samples with a high level of disorder, resulting in a high H c2 and J c .
IV. CONCLUSION
In this paper, we systematically studied the effects of the nominal Mg/B mixing ratio ͑x :2͒ on the superconductivity, Raman spectra, current transport properties, and flux pinning mechanism in MgB 2 with 10 wt.% SiC doping. x was varied from 1 to 1.2. It has been seen that compared to MgB 2 without doping, the SiC-doped sample with the stoichiometric nominal Mg/B ratio ͑1:2͒ has significantly increased J c at high fields. However, its self-field J c and T c were depressed. Through the optimization of the nominal Mg/B ratio, we found that the sample with x = 1.15 exhibited the best J c performance for all the fields ͑0-8.5 T͒, including the self-field, and its T c was higher than for the sample with x = 1. The enhancement of J c is attributed to the improved connectivity and the increased disorder, both of which were achieved by the optimization of the Mg/B ratio. The optimized Mg/B ratio ͑1.15:2͒ also diminished the interband scattering caused by the Mg or B vacancies and in turn, increased T c .
